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Boltzmann equation from Eq.(3.21) reads
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In the second step we assume that the two particles decouple simultaneously, such that their number densities track
each other through the entire process, including the assumed equilibrium values. This means that we can
throughout our single-species calculations just replace
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In the co-annihilation setup it is not required that the direct annihilation process dominates. The annihilation of
more than one particle contributing to a dark matter sector can include many other aspects, for example when the
dark matter state only interacts gravitationally and the annihilation proceeds mostly through a next-to-lightest,
weakly interacting state. The Boltzmann equation will in this case split into one equation for each state and
include decays of the heavier state into the dark matter state. Such a system of Boltzmann equations cannot be
solved analytically in general.

What we can assume is that the two co-annihilation partners have very similar masses, �m� ⌧ m�1 , similar
couplings, g1 = g2, and that the two annihilation processes in Eq.(3.36) are of similar size, h��1�1vi ⇡ h��1�2vi.
In that limit we simply find h��� vi ! 2h��1�1vi in the Boltzmann equation. We know from Eq.(3.32) how the
correct relic density depends on the annihilation cross section. Keeping the relic density constant we absorb the
rate increase through co-annihilation into a shift in the typical WIMP masses of the two dark matter states.
According to Eq.(3.34) the WIMP masses should now be

h��� vi ⇡
g
4

16⇡m2
�

⌘ 2
g
4

32⇡ m2
�1

or m�1 ⇡ m�2 ⇡
p

2m� . (3.40)

A simple question we can ask for example when we will talk about collider signatures is how easy it would be to
discover a single WIMP compared to the pair of co-annihilating, slightly heavier WIMPs.

An interesting question is how co-annihilation channels modify the WIMP mass scale which is required by the
observed relic density. From Eq.(3.40) we see that an increase in the total annihilation rate leads to a larger mass
scale of the dark matter particles, as expected from our usual scaling. On the other hand, the annihilation cross
section really enters for example Eq.(3.32) in the combination h��1�1vi/

p
geff. If we increase the number of

effective degrees of freedom significantly, while the co-annihilation channels really have a small effect on the total
annihilation rate, the dark matter mass might also decrease.

3.4 Velocity dependence

While throughout the early estimates we use the dark matter annihilation rate ���, we introduce the more
appropriate thermal expectation value of the velocity times the annihilation rate h���vi in Eq(3.20). This
combination has the nice feature that its leading term can be independent of the velocity v. In general, the
velocity-weighted cross section will be of the form

h���vi = hs0 + s1v
2 + O(v4)i (3.41)

This pattern follows from the partial wave analysis of relativistic scattering. The first term s0 is
velocity-independent and arises from S-wave scattering. An example is the scattering of two scalar dark matter
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Abstract: The dark matter annihilation cross section could su↵er a boost due to the Sommerfeld
enhancement at low energy. The importance of this process holds in the quantification of the e↵ect
on the cross section that an interactive potential produces before particle annihilation. In order to
provide insight into the Sommerfeld enhancement we analytically compute it for the potential well
and the attractive Coulomb potential. Finally, within the use of a numerical program we compute
the Sommerfeld enhancement for the Yukawa potential since it is not analytically solvable.

I. INTRODUCTION

Although the theory of the Sommerfeld enhancement
was developed almost a century ago by Arnold Sommer-
feld [1] its current impact in modern physics is remark-
able since recent investigations suggests that dark mat-
ter’s cross section could be a↵ected by the Sommerfeld
enhancement giving rise to a paradigm shift in the inter-
pretation of cosmic rays data produced by the annihila-
tion of dark matter particles [2] - from now on referred
as DM particles for sake of abbreviation. The cosmic ray
detector PAMELA has indicated a sharp increase in the
positron fraction from 10-100 GeV compared to what is
expected from high-energy cosmic rays interacting with
the interstellar medium [3]. This could be explained with
dark matter annihilation � �̄ into e+ e� (see FIG. 1 left);
nevertheless, this requires a cross section larger than the
typical coming from DM models [4]. Models including a
long range attractive force as the Yukawa potential be-
tween DM particles can enhance the annihilation cross
sections to the observed levels, a phenomenon referred to
as the Sommerfeld enhancement. The presence of this
force can enhance the bare annihilation cross sections to
the observed levels (see FIG. 1 right).

FIG. 1: Left: bare annihilation cross section. Right: dressed
annihilation cross section; corrections by light mediator par-
ticle with Yukawa potential.

First of all, in order to gain more insight about this
e↵ect we start with its classical analogy. Let’s consider a
point-like particle moving towards a massive object of ra-
dius R. Neglecting gravity, the bare cross section for the
particle to hit the object is �0 = ⇡R

2. Considering grav-
ity, the dressed cross section is actually � = ⇡b

2 where b

is the distance of closest approach of the orbit which can

be larger than R (see FIG. 2). It is also commonly seen b

being referred as the impact parameter. The relation be-
tween the bare and dressed cross sections can be obtained
if the conservation of energy and angular momentum are
imposed:
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where v is the velocity of the particle at infinity and
v
2
esc = 2GM/R is the escape velocity. We have to keep
in mind that �0 = � at G = 0.

FIG. 2: Representation of how the impact parameter changes
due to gravity.

The annihilation cross section of two particles in the
non-relativistic regime can be rigorously determined in
Quantum Field Theory which allows the computation of
the Sommerfeld enhancement factor [5]. Here we give an
intuitive approach to get the Sommerfeld enhancement.

First, let’s consider two non-relativistic particles mov-
ing towards an annihilation zone. For sake of simplicity
we will consider this zone to be point-like; thus, the anni-
hilation potential can be written as Uann = U0�

3(~r). On
the other hand, we can also have an interacting potential
that a↵ect both particles before their annihilation; this
interacting Hamiltonian will be written as HV = V (r).
With this, we can define the Sommerfeld enhance-
ment factor S as the ratio of the annihilation cross
section with and without the potential V (r):

S =
�

�0
(2)

where the cross section of the system to be proportional

Resumming an infinite set of ladder diagrams
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The complete infrared contribution to the one-loop matrix element of Eq.(3.45) with a massive gauge boson
exchange and neglecting the Dirac matrix structure is
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This means that part of the one-loop correction to the dark matter annihilation process at threshold scales like 1/v

in the limit of massless gauge boson exchange. For massive gauge bosons the divergent behavior is cut off with a
lower limit v & mZ/m�. If we attach an additional gauge boson exchange to form a two-loop integral, the above
considerations apply again, but only to the last, triangular diagram. The divergence still has the form 1/v.
Eventually, it will be cut off by the widths of the particles, which is a phrase often used in the literature and not at
all easy to show in detail.

What is more important is the question what the impact of this result is for our calculations — it will turn out that
while the loop corrections for slowly moving particles with a massless gauge boson exchange are divergent, they
typically correct a cross section which vanishes at threshold and only lead to a finite rate at the production
threshold.

As long as we limit ourselves to v ⌧ 1 we do not need to use relativistic quantum field theory for this calculation.
We can compute the same v-dependent correction to particle scattering using non-relativistic quantum mechanics.
We assume two electrically and weakly charged particles �±, so their attractive potential has spherically
symmetric Coulomb and Yukawa parts,

V (r) = �
e
2

r
�

g
2
Z

r
e
�mZr with r = |~r| . (3.52)

The coupling gZ describes an unknown �-�-Z interaction. With such a potential we can compute a two-body
scattering process. The wave function  k(~r) will in general be a superposition of an incoming plane wave in the
z-direction and a set of spherical waves with a modulation in terms of the scattering angle ✓. As in Eq.(1.59) we
can expand the wave function in spherical harmonics, combined with an energy-dependent radial function
R(r; E). We again exploit the symmetry with respect to the azimuthal angle � and obtain
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From the calculation of the hydrogen atom we know that the radial, time-independent Schrödinger equation in
terms of the reduced mass m reads


�

1

2mr2

d

dr

✓
r
2 d

dr

◆
+
`(`+ 1)

2mr2
+ V (r) � E

�
R`(r; E) = 0 . (3.54)

The reduced mass for a system with two identical masses is given by
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. (3.55)
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limits indicates that for small r and hence small ⇢ values only the first term ` = 0 will contribute. We can evaluate
j0(kr) for kr = 0 in both forms and find the same value,
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|j0(kr)|2 = 1 (3.61)

The argument that only ` = 0 contributes to the wave function at the origin is not at all trivial to make, and it holds
as long as the potential does not diverge faster than 1/r towards the origin.

Next, we add an attractive Coulomb potential to Eq.(3.56), giving us the radial Schrödinger equation in a slightly
re-written form in the first term
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The solution of this equation will lead us to the well-known hydrogen atom and its energy levels. However, we are
not interested in the energy levels but in the continuum scattering process. Following the discussion around
Eq.(3.60) and assuming that the Coulomb potential will not change the fundamental structure of the solution
around the origin we can evaluate the radial wave function for ` = 0,
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This is the equation we need to solve and then evaluate at the origin, ~r = ~0. We only quote the result,
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Compared to Eq.(3.61) this increased probability measure is called the Sommerfeld enhancement. It is divergent at
small velocities, just as in the Feynman-diagrammatic discussion before. For very small velocities, it can lead to an
enhancement of the threshold cross section by several orders of magnitude.

It can be shown that the calculation based on ladder diagrams in momentum space and based on the Schrödinger
equation in position space are equivalent for simple scattering processes. The resummation of the ladder diagrams
is equivalent to the computation of the wave function at the origin in the Fourier-transformed position space.

The case of the Yukawa potential shows a similar behavior. It involves an amusing trick in the computation of the
potential, so we discuss it in some detail. When we include the Yukawa potential in the Schrödinger equation we
cannot solve the equation analytically; however, the Hulthen potential is an approximation to the Yukawa potential
which does allow us to solve the Schrödinger equation. It is defined as
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g
2
Z
�e

��r

1 � e��r
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Optimizing the numerical agreement of the Hulthen potential’s radial wave functions with those of the Yukawa
potential suggests for the relevant mass ratio in our calculation
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Hulthen Potential
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which we will use later. Unlike for the Coulomb potential we can now keep the full `-dependence of the
Schrödinger equation. The only additional approximation we use is for the angular momentum term
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The radial Schrödinger equation of Eq.(3.62) with the Hulthen potential and the above approximation for the
angular-momentum-induced potential term now reads
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Again, we only quote the result: the leading term for the corresponding Sommerfeld enhancement factor in the
limit v ⌧ 1 arises from
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This Sommerfeld enhancement factor will be a combination of a slowly varying underlying function with a peak
structure defined by the denominator.

We are interested in the position and the height of the first and the following peaks. We need to two Taylor series

sinh x = x + O(x3) and cosh x = 1 +
x

2

2
+ O(x4) (3.70)
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Figure 7: Sommerfeld enhancement for a Yukawa potential as a function of the dark matter mass (M ⌘ m�),
shown for different velocities. It assumes the correct Z-mass and a coupling strength of g

2
Z

= 1/30. Figure from
Ref. [7], found for example in Mariangela Lisanti’s lecture notes [8].
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The coupling gZ describes an unknown �-�-Z interaction. With such a potential we can compute a two-body
scattering process. The wave function  k(~r) will in general be a superposition of an incoming plane wave in the
z-direction and a set of spherical waves with a modulation in terms of the scattering angle ✓. As in Eq.(1.59) we
can expand the wave function in spherical harmonics, combined with an energy-dependent radial function
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From the calculation of the hydrogen atom we know that the radial, time-independent Schrödinger equation in
terms of the reduced mass m reads


�

1

2mr2

d

dr

✓
r
2 d

dr

◆
+
`(`+ 1)

2mr2
+ V (r) � E

�
R`(r; E) = 0 . (3.54)

The reduced mass for a system with two identical masses is given by
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The annihilation cross section of two particles in the
non-relativistic regime can be rigorously determined in
Quantum Field Theory which allows the computation of
the Sommerfeld enhancement factor [5]. Here we give an
intuitive approach to get the Sommerfeld enhancement.

First, let’s consider two non-relativistic particles mov-
ing towards an annihilation zone. For sake of simplicity
we will consider this zone to be point-like; thus, the anni-
hilation potential can be written as Uann = U0�

3(~r). On
the other hand, we can also have an interacting potential
that a↵ect both particles before their annihilation; this
interacting Hamiltonian will be written as HV = V (r).
With this, we can define the Sommerfeld enhance-
ment factor S as the ratio of the annihilation cross
section with and without the potential V (r):

S =
�

�0
(2)

where the cross section of the system to be proportional
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to the squared of the system wavefunction. Thus:

� = |hi|Uann|fi|2 =

=

����
Z

dr
3
 (r)Uann(r) F (r)

����
2 (3)

where we identify |ii as the initial state of the system
� �̄ and |fi as the final state of the e+ e� system. More-
over, in the case of local DM DM annihilation, i.e. as-
suming a zero range annihilation amplitude between the
two DM particles, the non-perturbative correction reads:

� = | (0)Uann(0) F (0)|2 (4)

The same procedure can be done in order to compute
�
0. Thus, the Sommerfeld enhancement S can be directly

estimated as:

S =
| (0)|2

| 0(0)|2 (5)

where  is the wavefunction under the e↵ect of V (r)
before annihilating (see FIG. 1 left) and  

0 is the bare
wavefunction without the interacting potential (see FIG.
1 right), namely, the wavefunction  in the limit where
V ! 0.

Here we work out in detail the relative wavefunction
which plays a key role when computing the Sommerfeld
enhancement [6]. When considering a two-particle sys-
tem the Schrödinger equation for the total wavefunction
 (r) =  1(r1) 2(r2), where r ⌘ |r2� r1|, can be reduced
into:


�r2

rel

2µ
� r2

tot

2M

�
 = (Elab � V (r)) 

�r2
rel

2µ
 = (ECM � V (r)) 

(6)

where it is needed to define the total mass M ⌘
m1 + m2 and the reduced mass µ ⌘ m1m2/(m1 + m2).
On the other hand, we have also introduced the opera-
tors: rtot = r1+r2, rrel/µ = r1/m1�r2/m2. When
considering a system of two identical DM particles we
get m1 = m2 ⌘ m�; thus, M = 2m� and µ = m�/2.
Moreover, for a central potential the Schrödinger equa-
tion decouples into separate equations for each partial
wave. If we propose as solution to Eq. (6):

 =
1X

l=0

i
l
e
i�l(2l + 1)

k
Pl(cos(✓))Rl(r) (7)

we obtain the radial Schrödinger equation for the two-
particle system which reads:

1

r2

d

dr

✓
r
2 dRl

dr

◆
=


2µ [V (r)� E] +

l(l + 1)

r2

�
Rl (8)

where we may remember that Rl is the radial wavefunc-
tion and Pl are the Legendre polynomial. We look for a

solution to the Schrödinger equation satisfying the usual
asymptotic condition at large separation [6]:

 r!1 ! e
ikz +

e
ikr

r
f(✓)

=
1X

l=0

(2l + 1)Pl(cos ✓)


e
ikr(1 + 2ikfl)� e

�ikr(�1)l

2ikr

�

(9)

Now, it is quite useful to define Sl ⌘ 1 + 2ikfl where
it could be proven that |Sl| = 1. Thus, we could redefine
it as Sl ⌘ e

2i�l leading to:

=
1X

l=0

(2l + 1)Pl(cos ✓)


e
ikr+2i�l � e

�ikr+l⇡

2ikr

�

=
1X

l=0

i
l
e
i�l(2l + 1)

k
Pl(cos ✓)

sin(kr � l⇡/2 + �l)

r

(10)

where f =
P1

l=0(2l+1)flPl(cos ✓) is the scattering am-
plitude. Moreover, for a central potential the Schrödinger
equation decouples into separate equations for each par-
tial wave. The solution to Eq. (8) behave as free-waves
at large r:

Rlr!1 ! sin(kr � l⇡/2 + �l)/r (11)

where we have imposed normalisation at infinity. The
constants A and �l are fixed by two boundary conditions.
One is Rl(0) = A, needed in order to  (0) be finite. The
second one comes from the asymptotic condition - Eq.
(11).

Since the angular part factorises and it does not de-
pend on the potential - we may remember we are consid-
ering central potentials - the Sommerfeld enhancement
reduces to:

Sl =
|Rl(0)|2

|R0
l (0)|2

(12)

We may remember that since we are only interested in
studying systems which l = 0 we arrive to the equation:

1

r2

d

dr

✓
r
2 dR0

dr

◆
= 2µ [V (r)� E]R0 (13)

which needs to fulfil the boundary conditions:

R0(0) = A , R0(r ! 1) ' sin(kr + �0)/r (14)

In this case, S0 = A
2, being R

0
0(r) = sin(kr)/r.

Equivalently, without potential we set the normalisation
to be A = 1 and �0 = 0.

As a sum, in order to get the Sommerfeld enhancement
factor S0 we need to solve the radial Schrödinger equation
for R0(r) - which is Eq. (13) - which needs to accomplish
the boundary conditions given by Eq. (14).
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equation decouples into separate equations for each par-
tial wave. The solution to Eq. (8) behave as free-waves
at large r:
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where we have imposed normalisation at infinity. The
constants A and �l are fixed by two boundary conditions.
One is Rl(0) = A, needed in order to  (0) be finite. The
second one comes from the asymptotic condition - Eq.
(11).

Since the angular part factorises and it does not de-
pend on the potential - we may remember we are consid-
ering central potentials - the Sommerfeld enhancement
reduces to:
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We may remember that since we are only interested in
studying systems which l = 0 we arrive to the equation:
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In this case, S0 = A
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Equivalently, without potential we set the normalisation
to be A = 1 and �0 = 0.

As a sum, in order to get the Sommerfeld enhancement
factor S0 we need to solve the radial Schrödinger equation
for R0(r) - which is Eq. (13) - which needs to accomplish
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which we will use later. Unlike for the Coulomb potential we can now keep the full `-dependence of the
Schrödinger equation. The only additional approximation we use is for the angular momentum term

�
2
e
��r

(1 � e��r)2
= �

2 1 � �r + O(�2r2)
✓

��r +
1

2
�2r2 + O(�3r3)

◆2

=
1

r2

1 � �r + O(�2r2)
✓

1 �
1

2
�r + O(�2r2)

◆2 =
1

r2

�
1 + O(�2r2)

�
. (3.67)

The radial Schrödinger equation of Eq.(3.62) with the Hulthen potential and the above approximation for the
angular-momentum-induced potential term now reads

"
�

1

r

d
2

dr2
r + `(`+ 1)

�
2
e
��r

(1 � e��r)2
+

g
2
Z
�e

��r

1 � e��r
� k

2

#
uk`

r
= 0

,
d
2

dr2
uk` � `(`+ 1)

�
2
e
��r

(1 � e��r)2
uk` +

g
2
Z
�e

��r

1 � e��r
uk` + k

2
uk` = 0 . (3.68)

Again, we only quote the result: the leading term for the corresponding Sommerfeld enhancement factor in the
limit v ⌧ 1 arises from

��� k(~0)
���
2

=
⇡g

2
Z

v

sinh
2vm�⇡

�

cosh
2vm�⇡

�
� cos

 
2⇡

r
g
2
Z
m�

�
�

v
2
m

2
�

�2

! . (3.69)

This Sommerfeld enhancement factor will be a combination of a slowly varying underlying function with a peak
structure defined by the denominator.

We are interested in the position and the height of the first and the following peaks. We need to two Taylor series

sinh x = x + O(x3) and cosh x = 1 +
x

2

2
+ O(x4) (3.70)
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Sommerfeld Enhancement for a Yukawa potential
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Figure 7: Sommerfeld enhancement for a Yukawa potential as a function of the dark matter mass (M ⌘ m�),
shown for different velocities. It assumes the correct Z-mass and a coupling strength of g

2
Z

= 1/30. Figure from
Ref. [7], found for example in Mariangela Lisanti’s lecture notes [8].

Sommerfeld Enhancements 

The role of the Sommerfeld enhancement in dark matter physics Óscar Jiménez Arranz

potential is:

S
Coulomb
0 =

2⇡⌘

1� exp (�2⇡⌘)
(24)

Now we will represent the Sommerfeld enhancement
factor as function of � in order to gain more insight:

FIG. 4: Sommerfeld enhancement factor for the attractive
Coulomb potential as function of the velocity.

Finally, as we did with the potential well, we will study
some interesting limits:

1. When v ! 1 we have S0 ! 1. This is because
of at high velocities the interaction with the poten-
tial becomes negligible. Moreover, since we work in
non-relativistic theories it is not accomplished that
for v ! c we have S0 ��! 1.

2. When v ! 0, the Sommerfeld enhancement S0 '
⇡↵/�: this is why the Sommerfeld enhancement is
often referred as a 1/v enhancement.

C. The Yukawa potential

In this last section we will study a particle interacting
through a Yukawa potential. We consider a dark matter
particle of mass m� whose velocity is � and interacts
with V (r) = �↵

r e
�mVr, that is, an attractive Yukawa

potential mediated by a boson of mass mV. Following
the recipe given by R. Iengo in Ref. [7] a numerical code
has been written.

Using the same definitions than in Eq. (23) and defin-
ing ⇣ ⌘ mV

↵m�
we notice that the radial Schrödinger equa-

tion for l = 0 transforms into:

d
2
u(⇢)

d⇢2
+

✓
1 +

2⌘e�⇣⇢

⇢

◆
u(⇢) = 0 (25)

which is essentially the same than Eq. (22) when ⇣ = 0.
In other words, the Yukawa potential is the generalisa-
tion of the Coulomb potential where ⇣ 6= 0. On the other

hand, if we consider R(⇢) the equation above can be ex-
pressed as:

d
2
R(⇢)

d⇢2
+

2

⇢

dR(⇢)

d⇢
+

✓
1 +

2⌘e�⇣⇢

⇢

◆
R(⇢) = 0 (26)

Since the Schrödinger equation for the Yukawa poten-
tial is not analytically solvable we need to solve it numer-
ically. Since we will use a numerical method that needs
both initial conditions - value of the wavefunction and its
derivative at the origin - we need to rewrite both condi-
tions of Eq. (14). First of all, since we need to determine
A in order to compute the Sommerfeld enhancement we
cannot use it as an initial condition. From di↵erential
equations’ theory we know that if f(x) is solution of a
di↵erential equation, this function multiplied by a con-
stant will also be solution of this di↵erential equation.
Thus, we can multiply R(⇢), which is the solution of the
Schrödinger equation, by 1/A. Thus; �(⇢) = R(⇢)/A will
also be solution of Eq. (26) which will be rewrited as:

�00(⇢) +
2

⇢
�0(⇢) +

✓
1 +

2⌘e�⇣⇢

⇢

◆
�(⇢) = 0 (27)

and its solution will accomplish �(0) = 1. Now, we will
use Frobenius’ method in order to transform the second
boundary condition into a condition at the origin for the
derivative. Let’s consider a second order function for �
that accomplish �(0) = 1. Thus:

�(⇢) = 1 + �0(0)⇢+ �00(0)⇢2 (28)

When introducing this solution into Eq. (27) we find
a condition for the derivative which is �0(0) = �⌘.

On the other hand, if we solve Eq. (27) in the limit
where ⇢ ! 1 we arrive to the asymptotic solution:

⇢�(⇢)⇢!1 ! 1

A
sin (⇢+ �0) (29)

Finally, we may notice that the way of determining
the Sommerfeld enhancement has been a↵ected due to
the redefinition of variable. Again, the Sommerfeld en-
hancement factor reads:

S
Y ukawa
0 = A

2 (30)

As a sum, in order to compute the Sommerfeld en-
hancement we only need to determine the value of A

which is given by the asymptotic behaviour of the wave-
function. For achieving that it will be needed to solve
numerically Eq. (27) whose initial conditions are:

�(0) = 1 , �0(0) = �⌘ (31)

One way of computing A is defining F (⇢) ⌘ ⇢�(⇢);
thus, if we compute F (⇢)2 +F (⇢� ⇡/2)2 for large values
of ⇢ we get:

F (⇢)2 + F (⇢� ⇡/2)2⇢!1 '
' A

2
⇥
sin2 (⇢+ �0) + cos2 (⇢+ �0)

⇤

= A
2

(32)
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from high scales of order the mediator mass down to the low energy scales relevant

for dark matter scattering with a heavy nucleus.

• We compute the LHC production cross sections to next-to-leading order (NLO) in

αS , and recast the existing LHC searches into the simplified model parameter space.

Our results demonstrate that these refinements significantly alter the remaining viable

parameter space in light of the null searches for dark matter scattering, and also make

important changes to the impact and prospects of searches at the LHC. In particular, we

find that the picture based on the leading order scattering changes by roughly an order of

magnitude when next-to-leading order contributions are included. The impact on limits

from the LHC is less dramatic, but nonetheless DM production rates can change by as

much as ∼ 50%, leading to very significant impact on the allowed parameter space.

The rest of this paper is organized as follows. In section 2 we describe the simplified

model and the assumptions concerning the parameter space. In section 3, we discuss

the scattering with heavy nuclei, including the NLO contributions and RGE evolution of

the Wilson coefficients. In section 4, we assess the complementary collider constraints

originating from LHC searches. In section 5, we provide a summary of all constraints, as

well as compute the velocity averaged annihilation cross section in order to assess whether

this class of models can provide the correct thermal relic. Finally we present our concluding

remarks in section 6.

2 Simplified model and parameters

In this section, we briefly review the simplified model, more details of which can be found

in [11]. The simplified model contains a SM singlet fermionic dark matter candidate (χ),

whose kinetic terms are described by the Lagrangian

Lχ =
1

2

(
iχ̄/∂χ−Mχχ̄χ

)
. (2.1)

While χ can be either Dirac or Majorana, we specialize to the Majorana case where large

corrections are expected to the cross section for scattering with nuclei. There are also a

set of scalar mediator particles, which, to interact with the dark matter and a SM quark,

must be color triplets transforming under the electroweak symmetry as (using notation

(SU(3), SU(2))Y ):

(3, 1)2/3, (3, 1)−1/3, (3, 2)−1/6. (2.2)

These three choices correspond to what we will refer to as a uR model (with mediators

labeled as ũ), a dR model (with mediators d̃), and a qL model (with mediators Q̃), respec-

tively. Motivated by the assumption of minimal flavor violation (MFV) [19], we assign the

mediators to flavor triplets with equal masses and couplings. Thus the mediator and its
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

dynamics can be described by the corresponding choice of Lagrangian:

LuR =
∑

u

[
(Dµũ)

∗(Dµũ)−M2
ũ ũ∗ũ+ gDM ũ∗ χ̄PRu+ g∗DM ũ ūPLχ

]
, (2.3)

LdR =
∑

d

[
(Dµd̃)

∗(Dµd̃)−M2
d̃
d̃∗d̃+ gDM d̃∗ χ̄PRd+ g∗DM d̃ d̄PLχ

]
, (2.4)

LqL =
∑

q

[
(Dµq̃)

∗(Dµq̃)−M2
q̃ q̃∗q̃ + gDM q̃∗ χ̄PLq + g∗DM q̃ q̄PRχ)

]
, (2.5)

where the covariant derivative Dµ =
(
∂µ − igsGa

µT
a + Electroweak terms

)
, describes the

mediator couplings to the SM gauge bosons. Here the sums are over quark and mediator

flavors where u = {u, d, s} quarks, ũ =
{
ũ, d̃, s̃

}
mediators, d = {d, s, b} quarks, d̃ =

{
d̃, s̃, b̃

}
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

{
ũ, d̃, s̃, c̃, b̃, t̃

}
mediators. In order

to have a dark matter candidate which is uncolored or charged, we restrict ourselves to the

parameter space in which all of the mediator masses are larger than Mχ.

Generation-dependent masses and couplings that are higher order in the Yukawa cou-

plings can be generated consistently with MFV and can be described (for example, for the

ũR model) by terms such as:

LFV =
(
δgDM ũ∗Y u†Y uχ̄PRu+ h.c.) + δm2 ũ∗Y u†Y uũ+O(Y 4).

)
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong constraints

from the null results of searches for flavor and CP-violation, we take δgDM = δm2 = 0 and

choose gDM to be real, from here onward.

3 Scattering with heavy nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by a spin-

independent (SI) term, which at low momentum transfer resolves the entire nucleus co-

herently leading to a cross section enhanced by the squared number of scattering centers

(nucleons); and a spin-dependent (SD) term, which couples to the nucleon spin and typi-

cally enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents the

baseline upon which our improvements build. At leading order (LO), the dark matter

interacts with a generic quark q via tree level exchange of its corresponding mediator q̃,
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from high scales of order the mediator mass down to the low energy scales relevant

for dark matter scattering with a heavy nucleus.

• We compute the LHC production cross sections to next-to-leading order (NLO) in

αS , and recast the existing LHC searches into the simplified model parameter space.

Our results demonstrate that these refinements significantly alter the remaining viable

parameter space in light of the null searches for dark matter scattering, and also make

important changes to the impact and prospects of searches at the LHC. In particular, we

find that the picture based on the leading order scattering changes by roughly an order of

magnitude when next-to-leading order contributions are included. The impact on limits

from the LHC is less dramatic, but nonetheless DM production rates can change by as

much as ∼ 50%, leading to very significant impact on the allowed parameter space.

The rest of this paper is organized as follows. In section 2 we describe the simplified

model and the assumptions concerning the parameter space. In section 3, we discuss

the scattering with heavy nuclei, including the NLO contributions and RGE evolution of

the Wilson coefficients. In section 4, we assess the complementary collider constraints

originating from LHC searches. In section 5, we provide a summary of all constraints, as

well as compute the velocity averaged annihilation cross section in order to assess whether

this class of models can provide the correct thermal relic. Finally we present our concluding

remarks in section 6.

2 Simplified model and parameters

In this section, we briefly review the simplified model, more details of which can be found

in [11]. The simplified model contains a SM singlet fermionic dark matter candidate (χ),

whose kinetic terms are described by the Lagrangian

Lχ =
1

2

(
iχ̄/∂χ−Mχχ̄χ

)
. (2.1)

While χ can be either Dirac or Majorana, we specialize to the Majorana case where large

corrections are expected to the cross section for scattering with nuclei. There are also a

set of scalar mediator particles, which, to interact with the dark matter and a SM quark,

must be color triplets transforming under the electroweak symmetry as (using notation

(SU(3), SU(2))Y ):

(3, 1)2/3, (3, 1)−1/3, (3, 2)−1/6. (2.2)

These three choices correspond to what we will refer to as a uR model (with mediators

labeled as ũ), a dR model (with mediators d̃), and a qL model (with mediators Q̃), respec-

tively. Motivated by the assumption of minimal flavor violation (MFV) [19], we assign the

mediators to flavor triplets with equal masses and couplings. Thus the mediator and its
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Sommerfeld Enhancements and Bound States

Sommerfeld Effect and Bound State Formation
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Figure 1a. The amplitude for the radiative capture consists of the (non-perturbative) initial and
final state wavefunctions, and the perturbative 5-point function that includes the radiative vertices.
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Figure 1b. The leading order diagrams contributing to C⌫ . The external-momentum, colour-index
and space-time-index assignments are the same in all three diagrams.

Emission from the mediator

ipC⌫
medqaii1,jj1 “

“ S1p⌘1P ` pq
”
´igspT b

1 qi1i p⌘1K ` ⌘1P ` q ` pq⇢
ı
S1p⌘1K ` qq ´i

p⌘1K ` q ´ ⌘1P ´ pq2

ˆ S2p⌘2P ´ pq
“
´igs pT c

2 qj1j p⌘2K ` ⌘2P ´ q ´ pqµ
‰
S2p⌘2K ´ qq ´i

p⌘2K ´ q ´ ⌘2P ` pq2
ˆ p´gBSF

s fabcq tg⇢µrp⌘1K ` q ´ ⌘1P ´ pq ´ p⌘2K ´ q ´ ⌘2P ` pqs⌫

`g⌫⇢r´Pg ´ p⌘1K ` q ´ ⌘1P ´ pqsµ ` gµ⌫rp⌘2K ´ q ´ ⌘2P ` pq ` Pgs⇢u , (2.21a)

Emission from X1

ipC⌫
1 qaii1,jj1 “ �j1j S2p⌘2K ´ qq ˆ S1p⌘1P ` pqS1p⌘1K ` qq

ˆ
“
´igBSF

s pT a
1 qi1i p⌘1K ` ⌘1P ` q ` pq⌫ p2⇡q4�4p⌘1K ` q ´ ⌘1P ´ p ´ Pgq

‰
,

(2.21b)

Emission from X2

ipC⌫
2 qaii1,jj1 “ �i1i S1p⌘1K ` qq ˆ S2p⌘2P ´ pqS2p⌘2K ´ qq

ˆ
“
´igBSF

s pT a
2 qj1j p⌘2K ` ⌘2P ´ q ´ pq⌫ p2⇡q4�4p⌘2K ´ q ´ ⌘2P ` p ´ Pgq

‰
.

(2.21c)

We are interested only in the spatial components of C⌫ , ⌫ “ 1, 2, 3,

Ca
ii1,jj1 “ pCmedqaii1,jj1 ` pC1qaii1,jj1 ` pC2qaii1,jj1 . (2.22)

– 8 –

n-gluon exchanges contribute
with

�
↵
v

�n for ↵ ⇠ v

Sommerfeld effect

�(X1X2 ! SM SM) = S
⇣↵

v

⌘
�pert.

Bound State Formation (BSF)

�(X1X2 ! B (X1X2) g) = �BSF

Bound state as an additional particle in the thermal bath.
Figure from [Harz,Petraki (2018)]
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Annihilation Channels

Process: (X1)R1 + (X2)R2 ! B(X1X2)R + g

Color Potential

V (r) = �↵s

2r
[C2(R1) + C2(R2)� C2(R)]

Color Configurations

3 ⇥ 3 = 1 + 8

3 ⇥ 3 = 3 + 6

• Only 1 and 3 provide attractive potential.
• 3 BSF suppressed compared to 1.
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Sommerfeld Enhancement

Bound States : Capture Processes
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Sommerfeld Enhancements and Bound States
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Sommerfeld Enhancements and Bound States
• X-X* capture into a singlet Bound State 
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• Thermal Average
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Energy emitted by radiated gluonBose Enhancement

Bounds states once formed can 


1.Can Ionize and dissolve into their constituents by energetic gluons the plasma. Net number of constituent 
particles and BSP is a constant.


2.Directly decay into radiation. Binding particles eventually decay into radiation p2HQ+BivV �b (N- Re)
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Large temperatures dominated by Ionisation

Low Temperatures dominated by decay
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RN

Calculation of the Relic Density

We adjusted micrOMEGAs 5.2.7 such that
• the Sommerfeld effect is included for colored scalars up to the adjoint

representation
• Bound state effects are included for colored scalars up to the adjoint

representation

Determine gDM,0 for each data point (M�,�) such that DM is not overproduced.

For instance, we find gDM,0
�
Mu.b., 0

�
=

p
4⇡ for

Upper Bound on the DM mass
n

Mu.b.
pert.,M

u.b.
Som.,M

u.b.
BSF

o
= {7.2, 6.7, 21.1}
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Constraints on the Model : Direct Detection

Direct Detection : Direct Detection [Mohan et. al (2019)]
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Figure 1. Representative Feynman diagram for scattering between DM and quarks.

{d, s, b} quarks, d̃ =
n
d̃, s̃, b̃

o
mediators, q = {u, d, s, c, b, t} quarks and q̃ =

n
ũ, d̃, s̃, c̃, b̃, t̃

o

mediators. In order to have a dark matter candidate which is uncolored or charged,

we restrict ourselves to the parameter space in which all of the mediator masses are

larger than M�.

Generation-dependent masses and couplings that are higher order in the Yukawa

couplings can be generated consistently with MFV and can be described (for example,

for the ũR model) by terms such as:

LFV =
�
�gDM ũ⇤Y u†Y u�̄PRu+ h.c.) + �m2 ũ⇤Y u†Y uũ+O(Y 4).

�
, (2.6)

where Y u is the SM Yukawa matrix. For simplicity and to avoid potential strong

constraints from the null results of searches for flavor and CP-violation, we take

�gDM = �m2 = 0 and choose gDM to be real, from here onward.

3 Scattering with Heavy Nuclei

In the non-relativistic limit, dark matter scattering with a nucleus is described by

a spin-independent (SI) term, which at low momentum transfer resolves the entire

nucleus coherently leading to a cross section enhanced by the squared number of

scattering centers (nucleons); and a spin-dependent (SD) term, which couples to the

nucleon spin and typically enjoys no coherent enhancement for large nuclei.

We begin by reviewing some of the results of Reference [11], which represents

the baseline upon which our improvements build. At leading order (LO), the dark

matter interacts with a generic quark q via tree level exchange of its corresponding

mediator q̃, as shown in a representative Feynman diagram in Figure 1. The partonic

matrix element for interactions between fermionic (Dirac or Majorana) dark matter
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Figure 2. Representative Feynman diagrams for DM scattering with gluons.
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They arise at the same power of 1/(M2
�m2

�
), but are suppressed by ↵s as compared

to the corresponding quark SI Wilson coe�cients, cf Eq. 3.11.

In Figure 3 we show the absolute value of the bottom quark (with mq = mb =

4.2 GeV) and gluon SI Wilson coe�cients as a function of the dark matter mass,

and for a representative parameter point with Mq̃ = 1 TeV and gDM = 1. Each

coe�cient is expressed in units of GeV to the appropriate power. All of the Wilson

coe�cients have a resonant enhancement in the limit m� ! Mq̃. We observe that

the gluonic Wilson coe�cients are roughly an order of magnitude smaller than their

quark counterparts. However, this feature is mitigated by the fact that their hadronic

matrix elements are large and RGE e↵ects are important, especially for the spin-0

gluonic term O
(0)

g .

We note that while the quark coe�cients fq and g(1)q are independent of the

quark mass at this order, the gluonic coe�cients fG, g(1)
G

and g(2)
G

all depend on

the mass of the quark in the loop. In the limit of mq ! 0, fG and g(2)
G

reduce to

– 9 –

• Wilson coefficients of the effective DM-q/DM-g interaction are RGE evolved
from µ ⇠ MX to µ ⇠ ! factor ⇠ 2 on amplitude level. [Mohan et. al (2019)]

• 1-loop or velocity suppressed SI contribution typically more constraining than
spin-dependent limits (for coannihilating regions).
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Direct Detection

6B;m`2 8, .B`2+i .2i2+iBQM +QMbi`�BMib QM i?2 p�Hm2 Q7 i?2 +QmTHBM; gDM X

K�HHv �HHQr2/ .J 2M2`;v /2MbBiv ;Bp2M � K�tBKBx2/ �MMB?BH�iBQM +`Qbb b2+iBQMX h?2 �MMB?BH�iBQM +`Qbb
b2+iBQM Bb K�tBKBx2/ 7Q` � p�MBb?BM; K�bb bTHBiiBM; �M = 0 �M/ � TQ`i�H +QmTHBM; �i i?2 H�`;2bi p�Hm2
i?�i biBHH �HHQrb 7Q` � T2`im`#�iBp2 /2b+`BTiBQM Q7 i?2 KQ/2H- i?mb g.J =

p
4⇡X q2 }M/

(MK�t-T2`iX,MK�t-aQKX,MK�t-"a6) ⇡ (7.15, 6.7, 21.1)TeV . UR8V

k .B`2+i .2i2+iBQM
q2 7QHHQr _27X (j) �M/ +�H+mH�i2 /B`2+i /2i2+iBQM +QMbi`�BMib QM i?2 T�`�K2i2` bT�+2X .B`2+i /2i2+iBQM
+QMbi`�BMib 7Q`K �M mTT2` #QmM/ QM i?2 +QmTHBM; gDM - r?2`2�b +QMbi`�BMib 7`QK `2HB+ �`2 � HQr2`
#QmM/ QM i?2 p�Hm2 Q7 i?2 +QmTHBM;X h?Bb �HHQrb mb iQ `mH2 Qmi H�`;2 `2;BQMb Q7 T�`�K2i2` bT�+2X SHQib
#2HQr �`2 QMHv 7Q` aA +QMbi`�BMib M22/ iQ �// a. +QMbi`�BMibX

j *QHHB/2` *QMbi`�BMib
hQ #2 }HH2/ BM #v .BT�M

_272`2M+2b
(R) aQMB� 1H >2/`B- �MM� E�KBMbF�- �M/ J�BF2H /2 o`B2bX ǳ� aQKK2`72H/ iQQH#Qt 7Q` +QHQ`2/ /�`F

b2+iQ`bǴX AM, h?2 1m`QT2�M S?vbB+�H CQm`M�H * ddXN UkyRdVX BbbM, R9j9@ey8kX /QB, RyXRR9yf2TD+f
bRyy8k@yRd@8Re3@xX m`H, ?iiT,ff/tX/QBXQ`;fRyXRR9yf2TD+fbRyy8k@yRd@8Re3@xX

(k) CmHB� >�`x �M/ E�HHBQTB S2i`�FBX ǳ_�/B�iBp2 #QmM/@bi�i2 7Q`K�iBQM BM mM#`QF2M T2`im`#�iBp2 MQM@
�#2HB�M i?2Q`B2b �M/ BKTHB+�iBQMb 7Q` /�`F K�ii2`ǴX AM, C>1S yd UkyR3V- TX yNeX /QB, RyXRyydf
C>1SydUkyR3VyNeX �`sBp, R3y8XyRkyy (?2T@T?)X

(j) EB`iBK��M �X JQ?�M 2i �HX ǳ.B`2+i /2i2+iBQM �M/ G>* +QMbi`�BMib QM � i@+?�MM2H bBKTHB}2/ KQ/2H
Q7 J�DQ`�M� /�`F K�ii2` �i QM2 HQQTǴX AM, CQm`M�H Q7 >B;? 1M2`;v S?vbB+b kyRNX8 UkyRNVX BbbM,
RykN@39dNX /QB, RyXRyydfD?2Ty8UkyRNVRR8X m`H, ?iiT,ff/tX/QBXQ`;fRyXRyydfC>1Sy8UkyRNV
RR8X

d

Strong constraints for small mass splittings.
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Exclusion Limits from Direct Detection

• BSF has a sizable impact for small mass splittings.
• Shift in largest allowed mass from M� ⇠ 1 to M� ⇠ 2.5 for � ! 0.
• Viable region for � ⇠ 100 slightly enlarged.
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Constraints on the Model : Collider Constraints
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Figure 6. Limits on gDM in the plane of the dark matter and mediator masses from the SI cross sec-
tion for the uR (upper left), dR (upper right) and qL (bottom) models. The red dashed line indicates
the region of parameter space above which the partial width for the mediators is less than ΛQCD.

Figure 7. Representative Feynman diagrams for (left to right): mediator pair production, associ-
ated production, and χχ + jet production at the LHC.

– 15 –

J
H
E
P
0
5
(
2
0
1
9
)
1
1
5

Figure 5. Limits on gDM in the plane of the dark matter and mediator masses from the SD cross
section for the uR (upper left), dR (upper right) and qL (bottom) models.

the null searches of the Xenon 1T experiment [31]. In figure 6 we show limits on gDM for

the (qL, uR, dR) models in the plane of the dark matter and mediator masses. The shaded

regions correspond to allowed values of gDM . Comparing with figure 5, we observe that

despite being suppressed because they arise at higher orders, the SI limits are stronger

(typically by about an order of magnitude) than the SD limits in the entire parameter

space, and become very strong (gDM ! 0.1) in the resonant region.

4 Dark matter production at the LHC

At the LHC, there are three short distance processes of interest, as predicted by this model,

which lead to missing transverse momentum ( /ET ) signatures:

• pair production of the colored mediators (q̃), followed by their decay into dark matter

(χ) plus a quark;

• associated production of q̃ with χ; and
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Figure 8. The production cross section (left) and k-factor (right) for mediator pair production via
QCD at the 13TeV LHC. Here, we have summed over contributions from the q̃q̃, q̃q̃∗ and q̃∗q̃∗ final
states in each case.

• pair production of the dark matter in association with a jet from initial state radia-

tion, pp→ χχj.

The first processes are dominated by production of the mediators through the strong force

(for gDM " gs) yielding a jets + /ET signature. A special case has a top-flavored mediator,

whose decay into a top quark often also results in charged leptons and bottom-flavored

quarks in the final state. The rate of the associated production of q̃ and χ and dark matter

pair production processes are controlled by gDM . For the parameter space of interest, the

dark matter pair production process is always subdominant, and will be neglected from

here on.

4.1 Cross-sections at NLO

Robust interpretations of LHC data require comparison with precise theoretical deter-

minations of cross sections. We compute the inclusive rates for the mediator pair and

associated production processes at NLO in QCD. These calculations are performed in the

MG5 aMC@NLO framework [32], with the simplified models implemented via FeynRules [33].

One-loop corrections are computed in MadLoop, based on the OPP method [34], with ul-

traviolet divergences and rational R2 terms via the NLOCT package [35]. CT14NNLO PDF

sets are employed in both LO and NLO QCD results [36], with factorization and renor-

malization scale chosen to be µf = µr =
1

2
HT =

1

2

∑
i

√
p2T,i +m2

i , where the sum is over

all of the final-state particles.

The amplitude for pair production of mediators from initial state gluons is induced

entirely from QCD interactions, whereas the quark-initiated subprocess receives both a

QCD contribution and one of order g2DM from dark matter exchange. The pure QCD

contribution results in a q̃q̃∗ final state, and the only unknown parameter entering into the
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Prompt Searches :  

Upcoming Collider Constraints

Three types of processes:
• Mediator pair production: g g ! X X⇤

• Associated production: q g ! �+ X
• DM pair production with an initial state jet: g q ! �� q

Using data from:
• mono-jet + /ET [Atlas (2021)]

• multi-jet + /ET [Atlas (2020)]

Small coupling (freeze-out) regions potentially constrained by
• Heavy Stable Charged Particle (HSCP) searches
• Displaced Vertices
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Recasted and Reinterpreted with MadAnalysis5 

LLP Searches :  

Upcoming Collider Constraints

Three types of processes:
• Mediator pair production: g g ! X X⇤

• Associated production: q g ! �+ X
• DM pair production with an initial state jet: g q ! �� q

Using data from:
• mono-jet + /ET [Atlas (2021)]

• multi-jet + /ET [Atlas (2020)]

Small coupling (freeze-out) regions potentially constrained by
• Heavy Stable Charged Particle (HSCP) searches
• Displaced Vertices
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Re-interpreted from CMS searches



Summary of the constraints 

U�V S2`im`#�iBp2 �MMB?BH�iBQMb U#V "a6

6B;m`2 RR, Pi?2` p2`bBQM

AM i?Bb b2+iBQM- r2 +QHH2+i i?2 p�`BQmb 2tT2`BK2Mi�H +QMbi`�BMib /Bb+mbb2/ T`2pBQmbHvX
h?2 `2bmHiBM; 2t+HmbBQM HBKBib QM i?2 uR@p2`bBQM J", MQi }M�HHv /2+B/2/ Q7 i?2 KQ/2H
�`2 b?QrM BM 6B;X RyX q2 �``Bp2 �i i?2 2t+HmbBQM HBKBib #v /2i2`KBMBM; i?2 bK�HH2bi +Qm@
THBM; g.J-_. i?�i /Q2b MQi Qp2`T`Q/m+2 .J 7Q` � ;Bp2M (m.J,�mV- r?B+? bm#b2[m2MiHv
Bb +QKT�`2/ iQ i?2 mTT2` HBKBib QM g.J 7`QK /B`2+i /2i2+iBQM �M/ +QHHB/2` 2tT2`BK2Mib
g.J-2tTX A7 g.J-_. > g.J-2tT- r2 `2;�`/ i?2 /�i� TQBMi �b 2t+Hm/2/ #v i?2 2tT2`BK2Mi
+QMbB/2`2/X
h?2 HQr2` HBKBib QM g.J 7`QK i?2 `2HB+ /2MbBiv BM+Hm/BM; i?2 aQKK2`72H/ 2z2+i �b r2HH �b
"a6 �`2 ;Bp2M BM 6B;X 9X
AM 6B;X Ry- r2 T`2b2Mi #Qi? i?2 2tT2`BK2Mi�H HBKBib Q#i�BM2/ rBi? �M/ rB?Qmi MQM@
T2`im`#�iBp2 2z2+ib K�`F2/ #v bQHB/ �M/ /�b?2/ HBM2b `2bT2+iBp2HvX AM i?2 7QHHQrBM;- r2
+QKK2Mi QM i?2 BKTHB+�iBQMb Q7 i?2 /Bz2`2Mi +QMbi`�BMibX

aTBM@AM/2T2M/2Mi .B`2+i .2i2+iBQM
h?2 bTBM@BM/2T2M/2Mi .. HBKBib �`2 bmKK�`Bx2/ BM 6B;X N �M/ i?2 `2bmHiBM; 2t+Hm/2/
`2;BQMb BM i?2 (m.J,�m)@TH�M2 �`2 +QHQ`2/ BM ;`22M rBi?BM 6B;X RyX h?2v b2`p2 �b i?2
bi`QM;2bi 2t+HmbBQM HBKBib 7Q` bK�HH K�bb bTHBiiBM; U�m . 100GeVV �M/ H�`;2 .J K�bb2b
Um.J & 2TeVVX

aTBM@.2T2M/2Mi .B`2+i .2i2+iBQM
h?2 bTBM@/2T2M/2Mi .. HBKBib �`2 bmKK�`Bx2/ BM 6B;X \\ �M/ i?2 `2bmHiBM; 2t+Hm/2/ `2@
;BQMb BM i?2 (m.J,�m)@TH�M2 �`2 +QHQ`2/ BM Tm`TH2 rBi?BM 6B;X RyX aTBM@/2T2M/2Mi ..

k9

`2;BQMb rBi? bK�HH K�bb ;�Tb- i?2 KQMQ@D2i b2�`+? Bb 2ti`2K2Hv 2z2+iBp2 iQ +QMbi`�BM �
H�`;2 br�i? Q7 T�`�K2i2` bT�+2X h?2 KmHiB@D2i b2�`+? QM i?2 Qi?2` ?�M/ Bb KQbi b2MbBiBp2
iQ H�`;2` K�bb ;�Tb �M/ H�`;2` D2i KmHiBTHB+BiB2bX .2bTBi2 i?Bb �TT�`2Mi +QKTH2K2Mi�`Biv-
r2 }M/ i?�i 2p2M 7Q` bK�HH K�bb ;�Tb- i?2 KmHiB@D2i b2�`+? Bb [mBi2 +QKT2iBiBp2 rBi? i?2
KQMQ@D2i b2�`+?X h?2 T`BK�`v `2�bQM 7Q` i?Bb #2BM; i?2 ?�`/ `�/B�i2/ D2ib 7`QK Aa_ i?�i
T�bb2b i?2 bQK2r?�i bi`B+i T`2@b2H2+iBQM +`Bi2`B� 7Q` KmHiB@D2i b2�`+?2bX AM bmKK�`v- #Qi?
KmHiB@D2i �M/ KQMQ@D2i Y KBbbBM; 2M2`;v b2�`+?2b vB2H/ bBKBH�` HBKBib BM i?2 HQr K�bb ;�T
`2;BQM- r?BH2 i?2 KmHiB@D2i Y KBbbBM; 2M2`;v b2�`+? vB2H/b bi`QM;2` HBKBib BM i?2 H�`;2 K�bb
;�T `2;BQMX

hQ Q#i�BM i?2 T`QD2+iBQMb 7Q` ?B;? HmKBMQbBiv G>*- r2 T`QpB/2 � M�Bp2 HmKBMQbBiv
`2b+�H2/ /Bb+Qp2`v U5�V �M/ � N8 % +QM}/2M+2 H2p2H 2t+HmbBQM HBKBiX q2 MQi2 i?�i i?2b2
�`2 `Qm;? 2biBK�i2b@ KQ`2 �++m`�i2 HBKBib /2T2M/ QM � T`QT2` #�+F;`QmM/ 2biBK�i2 7`QK
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Smallest values of DM coupling such that DM is not overproduced



Conclusions
Conclusion

• The Sommerfeld effect and bound state formation (BSF) arise for long range
interactions in a dark sector

• BSF and subsequent bound state decay into SM particles efficiently provides
an additional DM annihilation channel

• We have analyzed a model of colored coannihilation (Simplified t-channel:
S3M-uR) using a modified micrOMEGAs version.

• The coannihilating region strongly impacted by non-perturbative effects.
Viable paramter space involving tiny couplings of DM to the SM is shifted from
1 TeV to 2.5 TeV

• Potentially interesting for long-lived particle searches
• Effect can be enhanced by a non-vanishing Higgs-portal coupling
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•Direct Detection constrains a large part of the co-annihilating DM.

•Prompt searches at the LHC constrain large mass gaps between parent particle and DM. 

•For small mass gaps, long lived particle searches constrain a significant part of the parameter space


